Introduction
Partial water reuse systems using circular dual-drain culture tanks have been found to increase fish production on a limited water resource, remove up to 80% of the fresh fecal matter and waste feed within minutes of its release, improve overall waste capture efficiency, maintain excellent water quality, and provide more optimum swimming speeds for salmonids than are provided in traditional raceways operated in single-pass or with serial-reuse . Thus, when the United States Fish and Wildlife Service (FWS) set out to overcome water quantity limits to Atlantic salmon smolt production at the White River National Fish Hatchery, they decided to pursue a retrofit of existing circular culture tanks in a partial water reuse configuration (Vinci et al., 2004) . Retrofitting eight of the existing circular culture tanks into two 8000 L/min partial water reuse systems was determined to be a better option than trying to nearly triple the withdrawal of water from the White River and then operating as a flow-through facility, due to problems in withdrawing, filtering, and disinfecting the river water flows required (Vinci et al., 2004) . In addition, using these two partial water reuse systems meant that salmon smolt production goals could be met while using a total makeup water flow of only 1960 L/min, which was a sufficiently small water resource demand that could be met using existing well water. The well water was known to be free from obligate fish pathogens, therefore, use of well water avoided requirements for installation Aquacultural Engineering 41 (2009) Eight of the existing 9.1 m (30 ft) diameter circular culture tanks at the White River National Fish Hatchery in Bethel, Vermont, were retrofitted and plumbed into two 8000 L/min partial water reuse systems to help meet the region's need for Atlantic salmon (Salmo salar) smolt production. The partial reuse systems were designed to increase fish production on a limited but biosecure water resource, maintain excellent water quality, and provide more optimum swimming speeds for salmonids than those provided in traditional single-pass or serial-reuse raceways. The two systems were stocked with a total of 147,840 Atlantic salmon parr in May of 2005 (mean size 89 mm and 8.5 g/fish) and operated with 87-89% water reuse on a flow basis. By the time that the smolt were removed from the systems between March 28 to April 12, 2006, the salmon smolt had reached a mean size of 24 cm and 137 g and hatchery staff considered the quality of the salmon to be exceptional. Overall feed conversion was <1:1. The Cornell-type dual-drain circular culture tanks were found to be self-cleaning and provided mean water rotational velocities that ranged from a low of 0.034 m/s (0.2 body length per second) near the center of the tank to a high of 39 cm/s (2.2 body length per second) near the perimeter of the tank. The fish swam at approximately the same speed as the water rotated. System water quality data were collected in mid-September when the systems were operated at near full loading, i.e., 24 kg/m 3 maximum density and 52.1 and 44.1 kg/day of feed in system A and system B, respectively. During this evaluation, afternoon water temperatures, as well as dissolved oxygen (O 2 ), carbon dioxide (CO 2 ), total ammonia nitrogen (TAN), and total suspended solids (TSS) concentrations that exited the culture tank's sidewall drains averaged 14.8 and 15.9 8C, of 7.9 and 8.2 mg/L (O 2 ), 4.0 and 3.2 mg/ L (CO 2 ), 0.72 and 0.67 mg/L (TAN), and 0.52 and 0.13 mg/L (TSS), respectively, in system A and system B. Dissolved O 2 was fairly uniform across each culture tank. In addition, water temperature varied diurnally and seasonally in a distinct pattern that corresponded to water temperature fluctuations in the nearby river water, as planned. This work demonstrates that partial reuse systems are an effective alternative to traditional single-pass systems and serial-reuse raceway systems for culture of fish intended for endangered species restoration programs and supplementation programs such as salmon smolt. ß 2009 Elsevier B.V.
of an expensive water disinfection system to remove Aeromonas salmonicida or other fish pathogens from the river water supply. Seasonal water temperatures that approached those found in the river water were achieved by passing well water through a spiral heat exchanger counter-current to river water before the well water was supplied to the partial water reuse systems. A spiral heat exchanger was used because of its resistance to fouling by the river water and the ability to open the unit quickly and easily for inspection, cleaning, and maintenance. The spiral heat exchanger consists of an assembly of two long strips of plate wrapped to form a pair of concentric spiral passages. Alternate edges of the passages are closed so that fluid flows through the continuous leak proof channels. Well water that is makeup for the partial reuse systems enters at the center of the unit and flows from the inside outward. River water enters at the periphery and flows from the inside toward the center. The countercurrent flow achieves close temperature approaches. The design and installation of the spiral heat exchanger system cost approximately $60,000. The design and construction of the partial water reuse systems cost $1.1 million and was intended as a demonstration facility. Unlike more traditional water recirculating systems, a partial water reuse system does not use a biofilter. A partial water reuse system uses makeup water flow to control accumulation of total ammonia nitrogen (TAN). As a consequence, a partial water reuse system can be readily cleaned and disinfected with a chlorine/ hypochlorite solution followed by chlorine neutralization with sodium thiosulfate before being restocked with each successive cohort of fish, which can be critical for maintaining biosecurity (Waldrop et al., 2009 ). The process of restarting a partial water reuse system is also much easier than restarting a more traditional water recirculating system, because, with no biofilter present, the 4-10 week period required to establish biofilter nitrification is avoided along with the potentially toxic accumulation of nitrite nitrogen (NO 2 -N) that occurs during biofilter startup .
The design of the White River National Fish Hatchery partial water reuse systems illustrates that important criteria for fish production in restoration or supplementation programs can be met utilizing technologies that reduce water use and effect good waste capture and concentration. The design is also a model to build on existing infrastructure for the conversion to water reuse systems at state, federal, and commercial hatcheries. The detailed description of the design of the two partial water reuse systems at the White River National Fish Hatchery has been described elsewhere (Vinci et al., 2004) . Therefore, the objective of this paper will be to characterize and describe system performance, i.e., salmon growth, swimming speeds, and water quality when the reuse systems were operating at or near full fish loading. Full fish loading was assumed to be 24 kg/m 3 maximum density (a limit set by the hatchery biologist), 1.5% body weight per day feeding (determined by fish size and water temperature estimates), and 86.5 kg/day feed per system.
Materials and methods

System description
Each partial water reuse system contained four 60 m 3 (i.e., 9.1 m diameter and 1.2 m deep) circular 'Cornell-type' dual-drain culture tanks and reused 87-89% of the water flowing through the culture tank by treating and returning all water discharged from the culture tank sidewall drains (Vinci et al., 2004) . Flow through the bottom-center drain of each culture tank passed through an external stand-pipe and was discharged from the system to the hatchery's effluent treatment pond before being discharged to the White River. The water exiting each the sidewall drains in each group of four culture tanks was combined and piped to the water reuse system located in a building adjacent to the eight culture tanks (Vinci et al., 2004) . The flow first passed through a microscreen drum filter with 60 mm screens to remove suspended solids ( Fig. 1 ). Backwash discharged from the microscreen drum filter was piped to a septic tank to thicken and hold the waste biosolids. Microscreen drum filtrate flowed into a pump sump where it combined with makeup well water, approximately 920 L/ min (system A) and 1040 L/min (system B) of well water per system (Vinci et al., 2004) . The combined flow, approximately 8000 L/min, was pumped to the top of a forced-ventilated cascade aeration column ( Fig. 1 ) to remove dissolved carbon dioxide (CO 2 ) and elevate dissolved oxygen concentrations to near saturation. Water exiting the aeration column flowed by gravity through a low head oxygenator (LHO; Fig. 1 ), where pure oxygen (O 2 ) gas can be transferred to the process flow. Water exiting the LHO sump then flowed by gravity back to the culture tanks. Vertical pipes with nozzles were used to inject the water back into the culture tank; each vertical flow injection pipe could be oriented to reduce (i.e., nozzles oriented toward the tank wall) or maximize (i.e., nozzles oriented parallel to the tank wall) the rotational water velocity in each tank. During this trial, the partial reuse system was operating without pure O 2 supplementation. In fact, the recirculating water flow was designed to meet the system's maximum design carrying capacity of 24 kg/m 3 maximum density, 1.5% body weight per day feeding, and 86.5 kg/day feed per system without the requirement for pure O 2 supplementation at the LHO. Even so, the LHO units were installed in each partial water reuse system with the intent that pure O 2 supplementation could be added at a later date (subsequently added in 2008) either to increase the system's carrying capacity or to allow the fish culture tanks to be operated at a dissolved O 2 concentration of approximately saturation.
Water sampling events
Water quality samples were collected over an intense 4-day period from September 19-22, 2005. A Hach Model HQ10 LDO meter and probe and a Tensionometer Model 300E (Alpha Designs, Ltd., Victoria, British Columbia) were used to measure dissolved O 2 , water temperature, and gas saturation at both outlets from each culture tank, at the inlet and outlet to both CO 2 stripping columns, and at the outlet of each LHO unit which also represent the concentrations entering the culture tanks. In addition, TAN, TSS, and dissolved CO 2 were measured from water samples collected at both outlets from each culture tank and at the inlet and outlet to both CO 2 stripping columns. As well, NO 2 -N, TAN, and dissolved CO 2 were measured from water samples collected at the inlet and outlet to both CO 2 stripping columns. TSS samples were also collected at the inlet and outlet to each microscreen drum filter. CO 2 concentrations were measured on site by titration using APHA (1998) method 4500-CO 2 C. TAN and NO 2 -N concentrations were measured on site using the Nessler and diazotization methods, respectively, Hach Chemical Company (Loveland, CO) reagents, and a DR2500 spectrophotometer (Hach Chemical Company). TSS concentrations were measured using American Public Health Association (APHA, 1998) method 2540 D within less than 7 days after the sample bottles had been stored on ice and transferred to the analytical chemistry laboratory at the Freshwater Institute (Shepherdstown, West Virginia).
A Hach SC100 Monitor with two LDO probes was also used to log the dissolved O 2 concentrations entering and exiting the sidewall drain on one of the culture tanks to show a typical diel temperature and dissolve O 2 variation.
Water rotational velocity was measured using a pygmy 625 velocity meter (Teledyne Gurley, Troy, NY) in each of the eight culture tanks at a depth of 0.6 m and at the following distances from the tank edge: 0.61 m (2 ft), 1.2 m (4 ft), 1.8 m (6 ft), 2.4 m (8 ft), 3.0 m (10 ft), 3.7 m (12 ft).
Water flows exiting through the bottom drain of each culture tank were measured by bucket testing the flows exiting the standpipes. Water recirculation flows were measured using an external pipe-mounted ultrasonic flow meter (Transport Model PT868 Portable Flowmeter, Panametrics Inc., Waltham, MA).
Fish, feed, and feeding
The two systems were stocked with a total of 147,840 Atlantic salmon parr in May of 2005 (mean size 89 mm and 8.5 g/fish). Four different lots of Atlantic salmon were being cultured in the eight tanks on the partial water reuse systems. Each lot is a separate strain of landlocked salmon used for stocking into Lake Champlain as part of a salmon restoration program: Magogs (MA), Sebago (SB), Sebago Wild (SBW), and Adirondacks (ADW). Fish number, size, biomass, density, and daily feed rate in each culture tank during the study are shown in Table 1 . Fish were hand fed during work hours, once every 3 h, at a relatively high rate (quantified in Table 1 during the evaluation period), and little or no waste feed was observed.
Results and discussion
3.1. Fish health, appearance, growth, and feed conversion Fish were fed from 1.44 to 2.31% body weight per day during the study, with 52.1 and 44.1 kg/day of feed fed in system A and system B, respectively, during the system sampling event. Overall feed conversion was <1:1. From March 28 to April 12, 2006, the salmon smolt were harvested and subsequently stocked at a mean size of 24 cm and 137 g. No disease outbreaks occurred (i.e., A. salmonicida no longer affected salmon production in these systems) and no chemotherapeutics or antibiotics were used during the production period. Hatchery staff considered the quality of the salmon to be exceptional.
System water quality
The quality of water that was returned to each culture tank from the water treatment processes was excellent. On average, dissolved O 2 entered the culture tanks at a concentration of 10.0 AE 0.1 and 9.8 AE 0.1 mg/L in system A and system B, respectively, which is close to O 2 saturation (9.9 and 9.7 mg/L) at the afternoon water temperatures (14.8 AE 0.1 and 15.9 AE 0.18C, respectively) and elevation (approximately 250 m). According to gas tensiometer readings, total gas pressure entering each culture tank was 99.9 AE 0.1 and 100.2 AE 0.2% saturated in systems A and B, respectively. Dissolved CO 2 return to the culture tanks at a concentration of 2.4 AE 0.3 and 1.9 AE 0.1 mg/L in systems A and B, respectively. TSS concentrations entering each culture tank averaged 0.4 AE 0.1 and 0.2 AE 0.3 mg/L in systems A and B, respectively. TAN concentrations entering each culture tank averaged 0.52 AE 0.4 and 0.47 AE 0.01 mg/L in systems A and B, respectively. NO 2 -N concentrations entering each culture tank averaged 0.05 AE 0.02 and 0.02 AE 0.00 mg/L in systems A and B, respectively.
Both partial water reuse systems also maintained excellent water quality within the culture tanks. On average, dissolved O 2 exited the culture tank sidewall drain at a concentration of 7.9 AE 0.1 and 8.2 AE 0.1 mg/L in system A and system B, respectively, which was still approximately 80% of O 2 saturation and is considered safe for salmonids (Wedemeyer, 1996) . Dissolved O 2 consumption across each culture tank averaged only 2.1 AE 0.1 and 1.5 AE 0.1 mg/L in systems A and B, respectively. TSS concentrations that exiting each culture tank through its sidewall drain averaged 0.5 AE 0.1 and 0.1 AE 0.0 mg/L in systems A and B, respectively. Yet, TSS concentrations that exiting each culture tank through its bottom drain averaged 2.7 AE 0.4 and 2.2 AE 0.3 mg/L in systems A and B, respectively, which indicates that solids fractionation in the culture tank was effective at concentrating settleable solids in the bottom drain discharge. TAN concentrations exiting each culture tank averaged 0.72 AE 0.03 and 0.67 AE 0.01 mg/L in systems A and B, respectively. Dissolved CO 2 concentrations that exited each culture tank through its sidewall drain averaged 4.0 AE 0.1 and 3.2 AE 0.1 mg/L in systems A and B, respectively, which is much lower than the 10 mg/L limit on CO 2 that has been suggested for Atlantic salmon smolt in soft water of low alkalinity (Fivelstad et al., 2003; Hosfeld et al., 2008) . Note that fish were fed on average 52.1 and 44.1 kg/day of feed fed in system A and system B, respectively, which explains the slightly higher concentration of waste contained in the water exiting culture tanks in system A and the slightly higher dissolved O 2 consumption across each culture tank in system A.
On average, there was no measurable water temperature gain in a single-pass across each culture tank during afternoon conditions. The dissolved oxygen and water temperature that was logged at the inlet and outlet of a culture tank (Fig. 2) indicates fairly uniform dissolved O 2 but a distinct diurnal pattern in water temperature, which would correspond to water temperature fluctuations in the nearby river water.
Culture tank solids flushing, water velocity profiles, and dissolved oxygen profiles
Water flow through the bottom-center drains at each culture tank averaged 229 and 260 L/min in systems A and B, respectively. All tanks were found to be self-cleaning at the bottom-center drain hydraulic loading that was created, i.e., approximately 3.5-4.0 L/ min of flow per square meter of tank plan area. The hydraulic loading rate through the bottom-center drain was specified during design to be at least 5 L/min per square meter of tank plan area. Fortunately, this design flow recommendation ) was found to be somewhat conservative as the tanks remained self-cleaning.
The mean water rotational velocities that were measured at a 0.6 m water depth across the radius of all eight culture tanks ranged from a low of 3.4 cm/s (0.11 ft/s) near the center of the tank to a high of 39 cm/s (1.28 ft/s) near the perimeter of the tank (Fig. 3) . The fish appeared to do well under these conditions and were observed to distribute evenly across the tank diameter. Fish swam against the current at approximately the same speed as the water surrounding them rotated, i.e., fish maintained a relatively fixed position within the tank. The fish also had a wide range of Table 1 Atlantic salmon strain, number, size, biomass, density, and daily feed rate in each culture tank during the performance study. swimming speeds to choose from. A 178 mm long fish could have been swimming at a speed ranging from 0.2 to 2.2 body length per second, depending upon its radial position within the tank. The optimum swimming speed for salmonids is approximately 0.5-2.0 body length per second velocity (Davison, 1997; Hoffnagle et al., 2006) and growth and feed utilization can be improved by optimizing swimming speed (Jorgensen and Jobling, 1993) . In addition, for Atlantic salmon, smolt-to-adult survival rate was found to increase when exercised at swimming speeds of 2.0 body length per second (Wendt and Saunders, 1973) . If desired, the water rotational velocities near the center of the tank could have been increased by increasing the water flow discharged through the bottom-center drain. In addition, the water rotational velocity near the wall of the tank could have been decreased by enlarging or changing the orientation of the nozzles in the flow inlet pipe. Under the conditions tested, each flow inlet pipe has half of its nozzles tangential to the tank wall and half with 458 elbow to direct half the flow injected into the tank at a 458 angle beyond tangential.
The mean concentration of dissolved O 2 measured at a 0.6 m water depth across the radius of all eight culture tanks indicates that the dissolved O 2 concentration ranged from a low of 6.7 mg/L -that occurred near the center of the tank -to a high of 8.1 mg/L that occurred near the perimeter of the tank (Fig. 4) . This data indicates that the water flow hydraulics and the relatively low density of small fish were insufficient to provide complete homogenous mixing through the center of each circular culture tank. The dissolved O 2 concentrations near the center of the tank were just under the recommended safe limits, i.e., 70-80% of O 2 saturation for salmonids (Wedemeyer, 1996) . However, Hosfeld et al. (2008) report that dissolved O 2 saturation levels of up to 123% may have a positive effect on Atlantic salmon growth. Similarly, Dabrowski et al. (2004) report that the maximum growth and feed intake of rainbow trout occurs at slightly supersaturated O 2 concentrations. Thus, the relatively low dissolved O 2 concentrations that were measured near the center of the tank (6.7 mg/L) and the mean concentration of dissolved O 2 measured within the culture tanks suggests that pure O 2 gas should be supplied to the LHO units to boost dissolved O 2 concentrations to near saturation, particularly when relatively high fish to feed loadings are applied. In 2008, a purified O 2 feed gas supply was provided to each LHO so that saturation concentrations of dissolved O 2 could be maintained Fig. 3 . Plot of the mean (AEstandard error bars) water rotational velocities that were measured at a 0.6 m water depth across the radius of all eight culture tanks. Fig. 4 . Plot of the mean (AEstandard error bars) dissolved O 2 concentration measured at a 0.6 m water depth across the radius of all eight culture tank; dissolved O 2 concentration ranged from a low of 6.7 mg/L near the center of the tank to a high of 8.1 mg/L near the perimeter of the tank.
Table 2
Metrics that describe the intensity or efficiency of production as well as the intensity or efficiency of water recirculation were estimated.
Metric
White River partial reuse system with Atlantic salmon smolt throughout the culture tank. Oxygen transfer within the vented LHO units displaces dissolved nitrogen. Therefore, O 2 consumption by the fish produces a total gas pressure that is below 100% saturation within the culture tanks.
Unit process treatment efficiency and system metrics
On average, the forced-ventilated cascade aeration columns removed 31% of the dissolved CO 2 each pass. This removal rate is impressive when considering that the average concentration of CO 2 entering the stripping column was only approximately 3.3 mg/L. No measurable difference in TSS concentration was detected across either microscreen drum filter, which is not surprising at the low inlet TSS concentrations, i.e., 0.5 mg/L. Concentration of TSS, cBOD5, total phosphorus, and total nitrogen within the backwash of the microscreen filters from systems A and B, averaged 217 AE 30 and 207 AE 43 mg/L TSS, 216 AE 0.53 and 161 AE 8 mg/L cBOD5, 4.0 AE 0.4 and 3.9 AE 0.9 mg/L phosphorus, and 18 AE 3 and 15 AE 1 mg/L nitrogen, respectively.
Several metrics of system performance were estimated (Table 2) . These metrics attempt to characterize the intensity or efficiency of production as well as the intensity or efficiency of water reuse. For example, an estimated 0.18 L/min makeup water flow was required per kilogram fish biomass carried in each system and the maximum cumulative feed burden was estimated at 35 mg feed per liter of makeup water added to each system. In addition, each recycle system operates on 442 kWh/day, which costs $US 44.21/day at $US 0.10/kWh (Table 3) . Electric power requirement and cost was estimated at 1.7-3.4 kWh per smolt and $US 0.17-0.34 per smolt, respectively ( Table 2 ). The water treatment building for the two reuse systems took up a relatively small area (250 m 2 ) in comparison to the area used for the eight fish culture tanks (1170 m 2 ). Thus, approximately 58-115 smolt were produced per square meter of production system (culture tank plus water treatment) area. These metrics may or may not indicate production as efficient as those achieved in commercial Atlantic salmon smolt hatcheries (e.g., approximately 1.4 kWh/smolt in a partial reuse system with CO 2 10 mg/L; from Colt et al., 2008) , but the focus of the White River National Fish Hatchery is on stock mitigation and reestablishment of Atlantic salmon. Thus, the highest priority is placed on water quality, water velocity, rearing density, photoperiod, and type of lighting (Vinci et al., 2004) in order to produce the highest quality smolt for restoration stocking.
Routine system maintenance
Routine maintenance of the partial reuse systems was minimal; the drum filter backwash collection trough, screens, and internals were pressure washed monthly; the spiral heat exchanger on the makeup water supply was flushed approximately once annually. Between cohorts of fish, each partial reuse system was cleaned and disinfected with a chlorine/hypochlorite solution followed by chlorine neutralization with sodium thiosulfate as described by Waldrop et al. (2009) .
Conclusions
This work demonstrates that salmon smolt intended for endangered species restoration programs and supplementation programs can be produced effectively within circular tank-based partial water reuse systems. The partial water reuse systems were found to produce high quality landlocked Atlantic salmon smolt while maintaining excellent water quality and allowing the FWS to retrofit their hatchery and increase production on a relatively small but biosecure makeup water supply. Since the systems were first stocked in May of 2005, two partial reuse systems have been used to produce 3-year classes of Atlantic salmon (Table 4) and 2-year classes of Lake trout (Salvelinus namaycush). During this same period, no disease outbreaks occurred and no chemotherapeutics or antibiotics were required, indicating that the biosecurity practices and fish culture environment (i.e., water quality) were beneficial and avoided mortality caused by A. salmonicida, which can be a problem in the surface water supplied systems operated in the hatchery. Table 3 Energy requirements and approximate costs of operation for each of the partial reuse aquaculture systems used in this study (assuming electricity costs $0.10/kWh). a An estimate of the fraction of well pumping capacity that is dedicated to supplying the partial reuse systems. 
